Left Atrial Compression and the Mechanism of Exercise Impairment in Patients With a Large Hiatal Hernia  by Naoum, Christopher et al.
Journal of the American College of Cardiology Vol. 58, No. 15, 2011
© 2011 by the American College of Cardiology Foundation ISSN 0735-1097/$36.00Left Atrial Compression and the Mechanism of Exercise
Impairment in Patients With a Large Hiatal Hernia
Christopher Naoum, MBBS,* Gregory L. Falk, MBBS,† Austin C. C. Ng, MBBS, MMED,*
Tony Lu, MBBS,‡ Lloyd Ridley, MBBS,‡ Alvin J. Ing, MD,§ Leonard Kritharides, MBBS, PHD,*
John Yiannikas, MBBS*
Sydney, New South Wales, Australia
Objectives The purpose of this study was to determine the association between cardiac compression and exercise impair-
ment in patients with a large hiatal hernia (HH).
Background Dyspnea and exercise impairment are common symptoms of a large HH with unknown pathophysiology. Studies
evaluating the contribution of cardiac compression to the pathogenesis of these symptoms have not been
performed.
Methods We collected clinical data from a consecutive series of 30 patients prospectively evaluated with resting and
stress echocardiography, cardiac computed tomography, and respiratory function testing before and after laparo-
scopic HH repair. Left atrial (LA), inferior pulmonary vein, and coronary sinus compression was analyzed in rela-
tion to exercise capacity (metabolic equivalents [METs] achieved on Bruce treadmill protocol).
Results Exertional dyspnea was present in 25 of 30 patients (83%) despite normal mean baseline respiratory function.
Moderate to severe LA compression was qualitatively present in 23 of 30 patients (77%) on computed tomogra-
phy. Right and left inferior pulmonary vein and coronary sinus compression was present in 11 of 30 (37%), 12 of
30 (40%), and 26 of 30 (87%) patients, respectively. Post-operatively, New York Heart Association functional
class and exercise capacity improved significantly (number of patients in New York Heart Association functional
classes I, II, III, and IV: 6, 11, 11, and 2 vs. 26, 4, 0, and 0, respectively, p  0.001; METs [percentage
predicted]: 75  24% vs. 112  23%, p  0.001) and resolution of cardiac compression was observed. Abso-
lute change in LA diameter on the echocardiogram was the only independent cardiorespiratory predictor of exer-
cise capacity improvement post-operatively (p  0.006).
Conclusions We demonstrate, for the first time, marked exercise impairment and cardiac compression in patients with a
large HH and normal respiratory function. After HH repair, exercise capacity improves significantly and correlates
with resolution of LA compression. (J Am Coll Cardiol 2011;58:1624–34) © 2011 by the American College of
Cardiology Foundation
Published by Elsevier Inc. doi:10.1016/j.jacc.2011.07.013Large hiatal hernias (HHs) are associated with significant
morbidity and mortality (1,2). Laparoscopic repair is gen-
erally recommended in symptomatic patients due to the risk
of life-threatening complications from mechanical obstruc-
tion and incarceration (3). Symptoms typically reported
include postprandial pain, heartburn, dysphagia, vomiting,
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accepted July 5, 2011.and anemia (4). Dyspnea, although common, is an often
misdiagnosed or unrecognized symptom in these patients
(5). Occasionally, dyspnea is incorrectly attributed to co-
morbid respiratory or cardiac insufficiency, and patients are
denied surgery on the basis of a perceived higher operative
risk (6).
See page 1635
Despite the high prevalence of dyspnea in patients with a
large HH, its mechanism is unclear. HHs can enlarge with
time and cause significant compression and displacement of
adjacent intrathoracic structures. Although the effects on
respiratory function, diaphragmatic motility, ventilation,
and perfusion are intuitively apparent, previous reports
quantifying these effects are limited (6–10). Gastroesopha-
1625JACC Vol. 58, No. 15, 2011 Naoum et al.
October 4, 2011:1624–34 Left Atrial Compression and Hiatal Herniageal reflux, which is common in HH and associated with
respiratory symptoms, appears to have no effect on exercise
capacity (11).
The left atrium and pulmonary veins are anatomically
adjacent to the enlarging HH (Fig. 1). Case reports and 2 small
case series have described cardiac compression by HH, leading
to acute heart failure and hemodynamic compromise (12–17).
However, there are no systematic studies evaluating the role of
cardiac compression in HH-associated dyspnea.
The aim of the present study was to evaluate the
functional significance of cardiac compression in relation to
dyspnea and exercise capacity and in relation to the recovery
of these after laparoscopic HH repair.
Methods
Study design. We prospectively collected clinical data from
a consecutive series of patients with a large HH undergoing
surgical repair to treat gastrointestinal symptoms (Table 1)
(18–22) and prevent mechanical complications. Endoscopic
or barium swallow evaluation identified patients with a large
HH, defined as a hernia consisting of 30% intrathoracic
stomach (3). The decision to undertake surgery was made
before cardiorespiratory assessment, which included resting
and exercise echocardiography, cardiac computed tomogra-
phy (CT), and respiratory function testing before and after
surgery, performed as part of the clinical evaluation. Demo-
graphic details, New York Heart Association (NYHA)
functional class, symptoms, and comorbidities were col-
lected. Clinical assessment, imaging analyses, and respira-
tory function testing were independently performed by
separate observers. Stress echocardiography was, by clinical
necessity, performed without blinding to the resting echo-
cardiographic data. Post-operative imaging was performed
knowing that patients had undergone surgery because HHs
were immediately apparent (pre-operatively) or absent
Figure 1 Cardiac and Esophageal Anatomical Relationship
The relevant infero-posterior cardiac structures (coronary sinus, left atrium [LA], an
strated in the sagittal section (A). Compression by a large hiatal hernia is illustrat
rior pulmonary veins with increasing size of the hernia. AO  aorta; BR  bronchu
superior pulmonary vein.(post-operatively) on the echo-
cardiogram and CT. Laparo-
scopic repair involved total sac
excision, suture repair of the cru-
ral pillars, esophagogastropexy,
and 360° fundoplication. Changes
in cardiac and respiratory param-
eters after surgery and their rela-
tionship to exercise capacity were
evaluated. The institutional Hu-
man Research Ethics Committee
approved analysis and reporting
of data, for which patients pro-
vided written informed consent.
CardiacCTassessment. Contrast-
enhanced cardiac CT was per-
formed using a dual-source, 64-
slice helical CT scanner (Somatom
Definition, Siemens AG, Erlan-
gen, Germany). One liter of water was orally ingested to
distend the HH before image acquisition. The scan was
performed during a single breath hold at end-inspiration
and after injection of 100 ml of intravenous contrast media
(Ultravist 370, Bayer, Leverkusen, Germany). Gating to the
cardiac cycle was retrospective with images reconstructed
and transferred to a workstation (Syngo 3D, Siemens
Medical Solutions, Forchheim, Germany) for offline anal-
ysis, using the end-systolic phase.
Compression of the left atrium was qualitatively graded
(none, mild, moderate, severe) based on the appearance of
the left atrial (LA) contour immediately adjacent to the HH
in 2 orthogonal views (Online Fig. 1). A convex appearance
in both views was considered normal; flattening in 1 view
was considered mild compression; flattening in both views
was considered moderate compression; and a concave ap-
onary veins) and their immediate relationship to the esophagus are demon-
B showing progressive involvement, in order, of the coronary sinus, LA, and infe-
 left atrial appendage; LIPV  left inferior pulmonary vein; LSPV  left
Abbreviations
and Acronyms
CS  coronary sinus
CT  computed
tomography
FEV1  forced expiratory
volume in the first second
of expiration
FVC  forced vital capacity
HH  hiatal hernia
IPV  inferior pulmonary
vein
LA  left atrial
MET  metabolic
equivalent
NYHA  New York Heart
Associationd pulm
ed in
s; LAA
Continued in next column
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LA volume was quantified using 3-dimensional semiauto-
mated software (Syngo Volume, Siemens Medical Solu-
tions). Boundaries of the left atrium were manually traced in
multiple axial slices, with exclusion of the pulmonary veins
and LA appendage. The software then automatically inter-
polated regions between the defined regions of interest and
calculated volume.
Pulmonary vein compression was qualitatively present if
the caliber of the inferior pulmonary vein (IPV) adjacent to
the HH appeared significantly reduced compared with the
caliber of the superior pulmonary vein on the same side
based on previous studies suggesting similar dimensions of
the superior pulmonary vein and IPV (23). Minimal and
ContinuedTable 1 Continued
Respiratory function testing¶
Spirometry
FEV1, % predicted 99 17
FVC, % predicted 109 19
Forced expiratory ratio (FEV1/FVC), %# 73 7
Patients with airflow limitation
Stage I (mild) 7 (23)
Stage II (moderate) 2 (7)
Stage III (severe) 0 (0)
Patients with reversible airflow limitation following
bronchodilator
4 (13)
Lung volumes
Total lung capacity, % predicted 94 14
Residual volume, % predicted 89 17
Patients with abnormal lung volumes 4 (13)
DLCO
% predicted 74 13
DLCO corrected for alveolar volume, % predicted 75 14
No. of patients with impaired DLCO, % predicted 9 (30)
History of anemia 9 (30)
Hemoglobin, g/l 136 (131–148)
Creatinine clearance, ml/min¶ 80 20
Values are mean  SD, n (%), or median (interquartile range). *Type I, sliding; type II, paraesoph-
ageal; type III, mixed; type IV, mixed plus additional visceral herniation. †Included chronic
obstructive pulmonary disease or asthma in 5 of 30 (17%); sleep apnea in 4 of 30 (13%); history
of pulmonary embolism in 3 of 30 (10%); bronchitis in 1 of 30 (3%); right upper lobe resection for
malignancy in 1 of 30 (3%); and silicosis in 1 of 30 (3%). ‡Included ischemic heart disease in 6 of
30 (20%) and paroxysmal atrial fibrillation in 1 of 30 (3%). §Valvular heart disease was defined as
moderate or greater valvular stenosis or regurgitation on qualitative assessment. (Patient #1,
moderate aortic and mitral regurgitation; Patient #2: moderate aortic regurgitation). Right
ventricular systolic pressure was estimated from the systolic right ventricular to right atrial pressure
gradient. Right atrial pressure, assumed to be 5mmHg, was then added to the calculated gradient
(18). Right ventricular systolic pressure 28 mm Hg was considered elevated (19). TR jets were
analyzable in 20 patients (67%). ¶The modification of diet in renal disease formula was used to
estimate the creatinine clearance rate. #Normal airflow defined as forced expiratory volume in the
first second of expiration (FEV1)/forced vital capacity (FVC) ratio 70%. In the presence of an
FEV1/FVC ratio 70%, stage I airflow limitation was defined as FEV1 80%, stage II as FEV1
between 30% and 80%; stage III as FEV1 30% (20). Reversible airflow limitation was defined as
a 12% (and 200 ml) improvement in either FEV1 or FVC (21). Normal lung volumes were
defined as total lung capacity 80%, and residual volume 120%. Diffusing capacity of lung for
carbon monoxide (DLCO) was considered normal if values obtained were 70% of predicted (22).
LVEF  left ventricular ejection fraction; RVSP  right ventricular systolic pressure.Baseline Characteristics andC rdiac and Respi atory Function (N  30)Table 1 B eline Characteristics andCardiac and Respiratory Function (N  30)
Demographic and clinical characteristics
Age, yrs 70 10
Female 23 (77)
Heart rate, beats/min 79 (70–85)
Systolic blood pressure, mm Hg 130 (130–135)
Body mass index, kg/m2 30.9 (26.6–34.5)
Hiatal hernia size and classification
Volume on computed tomography, ml 400 (248–596)
Percentage of intrathoracic stomach (intraoperative)
30%–50% 2 (7)
50%–75% 21 (70)
75%–100% 7 (23)
Classification*
Type I 0 (0)
Type II 0 (0)
Type III 29 (97)
Type IV 1 (3)
Symptoms
Cardiorespiratory symptoms
Dyspnea
Exertional 25 (83)
Postural 17 (57)
Postprandial 20 (67)
Cough 7 (23)
Chest pain or pressure (noncardiac) 24 (80)
Angina pectoris 1 (3)
Palpitations 7 (23)
Syncope 1 (3)
Orthopnea or paroxysmal nocturnal dyspnea 4 (13)
Ankle swelling 4 (13)
Gastrointestinal symptoms
Heartburn 18 (60)
Regurgitation 17 (57)
Early satiety 24 (80)
Dysphagia 16 (53)
New York Heart Association functional class
I 6 (20)
II 11 (37)
III 11 (37)
IV 2 (7)
Patients with comorbidity
1 respiratory conditions on history† 10 (33)
1 cardiac conditions on history‡ 7 (23)
Cardiac function on Doppler-echocardiography
Left ventricular function
LVEF, % 61 9
No. of patients with LVEF 40% 0 (0)
No. of patients with LVEF between 40% and 55% 9 (30)
No. of patients with inducible myocardial ischemia
on stress echocardiography
0 (0)
No. of patients with significant valvular heart
disease§
2 (7)
Pulmonary hypertension
RVSP, mm Hg 32 8
No. of patients with RVSP 28 mm Hg 10 (33)maximal IPV diameters were measured between the ostium
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compression, with reporting of the average of these dimen-
sions for each side. Coronary sinus (CS) compression was
subjectively assessed (Figs. 2A and 2B) as reported previ-
ously (24).
HH volume was quantified using the semiautomated
method described previously for LA volume calculation.
Figure 2 Cardiac CT and Doppler-Echocardiographic Findings B
(A) Sagittal section summarizing the cardiac computed tomography (CT) abnormal
contour is demonstrated. Compression of the LIPV between the HH and a central
monary vein (LSPV) are also seen. (B) Post-operatively, there is resolution of card
long-axis echocardiographic view demonstrating left atrial compression by a HH (*
left atrial walls is shown. (D) Corresponding post-operative view showing resolutio
operative apical 4-chamber view with left atrial compression by an HH (*) and incr
Doppler velocities at the atrial inflow are shown (G). (F and H) Corresponding pos
Doppler imaging. Abbreviations as in Figure 1.Left ventricular volumes were calculated (Syngo Circula-tion, Siemens Medical Solutions) using threshold-based,
region-growing, 3-dimensional segmentation of the left
ventricle.
Doppler echocardiography assessment. Transthoracic
echocardiography was performed (Vivid 7, GE Health-
care, Horten, Norway) with patients instructed to con-
sume a meal 1 h before undergoing echocardiography.
and After HH Repair
een. Left atrial compression by a large hiatal hernia (HH) with flattening of the LA
us, compression of the coronary sinus (CS), and sparing of the left superior pul-
pression with restoration of the size and contour of the LA. (C) Parasternal
surement of the left atrial diameter from the midpoints of anterior and posterior
ft atrial compression with a significant increase in left atrial diameter. (E) Pre-
atrial inflow velocity on color Doppler imaging. Peak systolic and diastolic pulse-
tive view showing a reduction in the atrial inflow velocity on color and pulse-efore
ities s
bronch
iac com
). Mea
n of le
eased
t-operaImages were stored digitally for offline analysis (Echo Pac
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tion was calculated using Simpson’s biplane method (25).
The right ventricular systolic pressure was derived from
the peak velocity of the tricuspid regurgitant envelope
obtained from continuous Doppler imaging (26).
LA compression severity was qualitatively determined
(none, mild, moderate, severe) by visual assessment of 4
standard echocardiographic views (Online Fig. 2). This was
quantified by measuring the anteroposterior LA diameter at
the LA midpoint in the parasternal long-axis view 1 frame
before opening of the mitral valve (Figs. 2C and 2D). Peak
systolic and diastolic pulse-Doppler velocities at the LA
inflow were recorded (Figs. 2E to 2H).
Exercise testing. Exercise testing was performed according
to the maximal Bruce treadmill protocol with metabolic
equivalents (METs) achieved calculated based on the dura-
tion of exercise and exercise capacity defined as the METs
achieved expressed as a percentage of age-predicted values
(27,28). Stress echocardiographic images were obtained
immediately after exercise for offline analysis of regional wall
Figure 3 Patient Evaluation Flowchart
The final analysis was performed in the 30 patients who completed all pre-operatimotion to exclude myocardial ischemia. The change inexercise capacity after HH repair was measured as the
difference between the post-operative exercise capacity and
the pre-operative exercise capacity.
Respiratory function testing. Spirometry, lung volumes
(via body plethysmography), and single-breath diffusing
capacity of lung for carbon monoxide were measured ac-
cording to American Thoracic Society criteria using a
commercially available system (Vmax Encore, SensorMedics,
Yorba Linda, California) (29–31). Respiratory function test-
ing was often performed before the CT scan on the same
day, and was always performed without oral loading.
Statistical analysis. Continuous data are expressed as
mean  SD for normally distributed variables and
median (interquartile range) otherwise. Parametric and
nonparametric analyses (paired and Wilcoxon matched t
tests, chi-square test for trend) were performed to com-
pare variables before and after surgery, as appropriate.
Our primary hypothesis was that LA compression sever-
ity correlated with the degree of exercise capacity im-
provement. We therefore pre-specified LA compression
post-operative investigations. CT  computed tomography; HH  hiatal hernia.ve andseverity into 4 groups (none, mild, moderate, severe).
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compare means among multiple groups. A 2-tailed p 
0.05 was considered significant.
The improvement in exercise capacity after HH repair
was evaluated in relation to the improvement in cardiac and
respiratory variables after HH repair, using linear regression
analysis. Multiple linear regression analysis, including pa-
rameters that improved significantly post-operatively and
had a univariate p  0.05, was performed to identify
hanges in cardiorespiratory variables that independently
redicted exercise capacity improvement. Within each cat-
gory (cardiac and respiratory), less significant univariables
orrelating significantly (R 0.6) with other univariables in
he model were removed to avoid multicollinearity. Statis-
ical analysis was performed using Prism 5.0b and Instat
.1a (GraphPad Software, La Jolla, California).
esults
etween 2009 and 2010, 52 consecutive patients with large
nd symptomatic HHs underwent laparoscopic repair, of
hom 30 underwent all pre-operative and post-operative
nvestigations and were included in the final analysis (Fig. 3).
Baseline characteristics are summarized in Table 1. Ex-
ertional dyspnea was reported by the majority of patients (25
of 30, 83%) despite minimal rates of significant cardiac or
respiratory disease. The mean left ventricular ejection frac-
tion was normal (61 9%), and there were no patients with
a left ventricular ejection fraction 40% or inducible myo-
cardial ischemia. Two patients had moderate valvular heart
disease. Mean spirometric, lung volume, and diffusing
capacity of lung for carbon monoxide values, as percentages
of predicted, were normal at baseline. A history of anemia
was reported in 9 of 30 patients (30%); however, the
measured hemoglobin at pre-operative assessment was nor-
mal for the overall cohort (136 g/l [interquartile range: 131
to 148 g/l).
Surgery. Laparoscopic repair was achieved in all but 2
patients who required conversion to open laparotomy.
Complications occurred in 3 patients. A wound infection
and post-operative respiratory failure requiring invasive
ventilation developed in 1 patient. One sustained inadver-
tent colonic injury during dissection of adhesions. The third
patient had a perioperative myocardial infarction, despite
normal findings on the pre-operative stress echocardiogram.
Coronary angiography was subsequently performed, which
demonstrated minor coronary artery disease. There were no
deaths in-hospital or at 30 days.
Cardiac CT and Doppler echocardiography findings. CS
compression was the most frequently detected abnormality
(26 of 30, 87%). Moderate to severe LA compression was
observed in the majority of patients by qualitative assess-
ment on cardiac CT (none: 4 of 30, 13%; mild: 3 of 30,
10%; moderate: 14 of 30, 47%; severe: 9 of 30, 30%) and
echocardiogram (none: 2 of 30, 7%; mild: 8 of 30, 27%;
moderate: 13 of 30, 43%; severe: 7 of 30, 23%). The right Qu T
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and 12 of 30 patients (40%), respectively. There were high
levels of interobserver agreement for qualitative assessments
(Online Figs. 1 and 2).
Quantitative cardiac parameters are presented in Table 2.
On cardiac CT, LA volume and left and right IPV
diameters improved significantly after surgery. In patients
with severe LA compression at baseline, there was a
significant increase in left ventricular end-diastolic and
end-systolic volumes after surgery, consistent with improved
ventricular filling. On the echocardiogram, the LA diameter
Figure 4 Change in Functional Class and Exercise Capacity Aft
Change in New York Heart Association functional class (A) and mean exercise capaci
achieved expressed as a percentage of age-predicted values. *p value for chi-square
Respiratory Function Before and After Hiatal HeTable 3 Respiratory Function Before and Af
Spirometry
FEV1, l
% of predicted value
FVC, l
% of predicted value
Ratio of FEV1 to FVC
Lung volumes
Total lung capacity, l
% of predicted value
Residual volume, l
% of predicted value
Diffusing capacity of lung for carbon monoxide, ml/mm Hg
% of predicted value
Adjusted for alveolar volume, ml/mm Hg/min/l
% of predicted value
Values are median (interquartile range) or mean  SD.
FEV1  forced expiratory volume in 1 s; FVC  forced vital capacityincreased significantly after HH repair (25  8 mm vs. 36  6
m, p  0.001). The pre-operative atrial inflow peak
ystolic and diastolic velocities were 88 24 cm/s and 72
23 cm/s, respectively. These decreased significantly after
surgery to 74  16 cm/s (p  0.003) and 54  16 cm/s
(p  0.004), respectively. The absolute reduction in systolic
trial inflow velocity after surgery was greater in patients
ith moderate to severe versus none to mild LA compres-
ion (21  23 cm/s vs. 1  22 cm/s, p  0.03).
espiratory function. Airflow limitation was present in 9
f 30 patients (30%); however, this was only mild in 7 of 30
Repair
after hiatal hernia repair. Exercise capacity defined as metabolic equivalents (METS)
r trend.
epairiatal Hernia Repair
Pre-Operative
(n  30)
Post-Operative
(n  30) p Value
2.11 (1.37–2.45) 2.18 (1.69–2.50) 0.03
99 (85–108) 103 (98–117) 0.01
99 17 107 19
2.72 (2.03–3.48) 2.98 (2.46–3.63) 0.001
105 (94–122) 118 (108–135) 0.001
109 19 121 19
72 (69–78) 71 (68–75) 0.05
73 7 71 6
4.52 (3.75–5.67) 4.62 (4.06–5.53) 0.03
92 (86–99) 96 (89–105) 0.006
94 14 98 10
1.85 (1.48–2.15) 1.69 (1.53–1.92) 0.10
88 (81–100) 83 (73–97) 0.11
89 17 84 14
15.15 (12.73–17.25) 15.20 (12.55–18.08) 0.32
76 (67–83) 79 (66–85) 0.27
74 13 76 13
4.29 (3.58–4.79) 4.09 (3.65–4.51) 0.96
78 (66–84) 72 (63–77) 0.008
75 14 71 12er HH
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Abnormal lung volumes were present in 4 of 30 patients
(13%) (Table 1). Post-operatively, there was a modest but
statistically significant increase in forced expiratory volume
in the first second of expiration (FEV1), forced vital capacity
FVC), and total lung capacity (Table 3).
xercise capacity and functional class. Exercise capacity
as reduced at baseline to 75 24% of predicted (6.2 2.4
METs), increasing to 112  23% of predicted (9.2  2.4
ETs) after HH repair (p  0.001). NYHA functional
lass was similarly impaired pre-operatively and improved
fter surgery (Fig. 4).
The change in exercise capacity after surgery was greater
n patients with a higher grade of qualitative LA compres-
ion at baseline on either echocardiography or cardiac CT
nd in patients with right IPV compression. A similar trend
as observed in patients with compression of the left IPV;
owever, this was not statistically significant. CS compres-
ion did not predict a greater change in exercise capacity
Fig. 5).
Linear regression analysis demonstrated a significant
orrelation between the improvement in exercise capacity
fter surgery and changes to the LA diameter on echocar-
iography; right IPV diameter on CT; and FEV1 (percent-
ge predicted), FVC (percentage predicted) and diffusing
apacity of lung for carbon monoxide (percentage predicted)
n respiratory function tests. Multivariable linear regression
Figure 5 Relationship Between Baseline Cardiac Compression
Pre-operatively, qualitative assessment of left atrial (LA) compression on echocard
puted tomography (CT) predict a greater increase in exercise capacity after hiatal h
capacity minus pre-operative exercise capacity. *p value for linear trend. MET  mnalysis identified the only independent predictor to be shange in the LA diameter on echocardiogram (p  0.006)
Table 4).
iscussion
he present study identifies for the first time that significant
xercise impairment and extrinsic cardiac compression are
ommon in patients with a large HH despite normal mean
aseline respiratory function. The recovery of exercise ca-
acity and cardiac parameters after laparoscopic repair
ndicate that large HHs directly impair exercise capacity
hat is due, in part at least, to cardiac compression.
A major finding of the present study is that dyspnea is
ommon among patients with a large HH presenting for
urgical repair, with 83% of patients reporting this symptom
n our group. Although Low and Simchuk (6) reported a
imilar prevalence of 84% in their cohort, most large studies
f HHs do not describe dyspnea and exercise impairment as
rominent symptoms (4,5). This is important because
aparoscopic surgery is generally reserved for symptomatic
atients (3). Importantly, our patients had minimal evidence
f severe cardiac or respiratory disease at baseline, indicating
hat exercise tolerance and dyspnea cannot be simply attrib-
ted to comorbidities. Moreover, patients represented their
wn controls, such that any observed change in exercise
apacity after surgery can be confidently attributed to
hange in Exercise Capacity After HH Repair
hy and LA and right inferior pulmonary vein (IPV) compression on cardiac com-
(HH) repair. Change in exercise capacity is defined as post-operative exercise
lic equivalent.and C
iograp
ernia
etabourgical correction of the HH.
pacity f
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inantly due to a mechanical respiratory effect of a large
space-occupying intrathoracic mass. In the study by Low
and Simchuk (6), only mild abnormalities of spirometry
were identified (FEV1 [percentage predicted] and FVC
[percentage predicted], 76% and 79%, respectively), despite
moderately severe symptoms. After surgery, dyspneic symp-
toms completely resolved in most of their patients; however,
there was only a mild improvement in spirometric values
(absolute increase in both FEV1 [percentage predicted] and
FVC [percentage predicted] of 13%) (6). In the present
study, we demonstrated normal mean spirometry at base-
line, despite significant dyspnea and exercise impairment.
Studies correlating respiratory symptoms with spirometry
suggest that the likelihood of reporting dyspnea only in-
creases significantly in the general population when FEV1
(percentage of predicted) decreases to 75%, which is
significantly lower than the mean baseline value in our study
(32). After surgery, there was a significant improvement in
spirometry (9% and 13% absolute increase in FEV1 [%
predicted] and FVC [% predicted], respectively); however,
Relationship Between Exercise Capacity ImprovHiatal Hernia Repair and Changes in CardiorespTable 4 Relationship Betwe n Exercise CapHiatal Hernia Repair and Changes i
Cardiorespiratory
Parameter
Mean Change
Post-Operation
U
Echocardiographic
LA diameter, mm 11 9 0.
LA inflow velocities, cm/s
Systolic 14 24 0.
Diastolic 17 26 0.
RVSP, mm Hg 2 13 0.
LV ejection fraction 1 11 0.
Cardiac CT
LA volume, ml 9 15 0.
IPV diameter, mm
Right 1 2 0.
Left 2 2 0.
LV volumes, ml
End-diastolic 7 23 0.
End-systolic 3 13 0.
Respiratory function
FEV1 (% predicted) 9 17 0.
FVC (% predicted) 13 19 0.
FEV1/FVC ratio 2 6 0.
TLC (% predicted) 4 11 0.
RV (% predicted) 5 15 0.
DLCO (% predicted) 2 9 0.
DLCO/Va (% predicted) 5 9 0.
Values are mean  SD. Exercise capacity defined as METs achiev
post-operative exercise capacity – pre-operative exercise capacity. Cha
value. *Univariate analysis with coefficient of determination (R2) and p
cardio-respiratory parameters and change in exercise capacity. †Mu
univariate p  0.05 (—). Regression coefficient and p value testing t
reported. Regression coefficients expressed as value (SE). Combined
the multivariate model to avoid multicollinearity as it correlated signi
DLCOdiffusion capacity for carbonmonoxide; DLCO/Vadiffusion ca
RVSP  right ventricular systolic pressure; TLC total lung capacity.such degrees of improvement, when observed in patientsreceiving bronchodilator therapy for chronic obstructive
pulmonary disease, do not result in the magnitude of
exercise capacity improvement observed in our cohort (33).
Unlike the relatively mild impairment of basal respi-
ratory function in some of our patients, most demon-
strated moderate to severe LA compression on echocar-
diography and cardiac CT, both qualitatively and
quantitatively. Many patients also demonstrated com-
pression of the IPVs and increased pulse-Doppler veloc-
ity at the LA inflow, implying that extrinsic compression
was functionally important. After surgery, resolution of
these cardiac abnormalities was accompanied by signifi-
cant improvement in dyspnea and exercise capacity. The
degree of improvement in exercise capacity with surgery
correlated with the qualitative assessment of pre-
operative LA compression severity (Fig. 5).
The relationship among the recovery of exercise capacity,
the resolution of cardiac compression, and improvement in
respiratory function were explored in this study. Multivari-
able regression analysis demonstrated that the only inde-
pendent predictor of improved exercise capacity after HH
t Followingy ParametersImp vem nt Following
diorespiratory Parameters
te Analysis* Multivariate Analysis†
p Value Regression Coefficient p Value
0.001 10.3 (3.4) 0.006
0.06 — —
0.45 — —
0.71 — —
0.92 — —
0.47 — —
— —
0.02 18.9 (11.0) 0.10
0.15 — —
0.91 — —
0.64 — —
0.03 ‡ ‡
0.001 0.20 (0.16) 0.24
0.16 — —
0.16 — —
0.13 — —
0.048 — —
0.54 — —
essed as percentage of predicted. Change in exercise capacity 
cardio-respiratory parameters  post-operative value – pre-operative
for simple linear regression assessing relationship between change in
te analysis performed excluding cardio-respiratory parameters with
tribution of individual variables to the overall multivariate model are
.54, p  0.001 for overall model. ‡FEV1 (% predicted) excluded from
with FVC (% predicted), correlation coefficient, R  0.89.
or carbonmonoxide corrected for alveolar volume;RV residual volume;emeniratoracity
n Car
nivaria
R2
34
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repair did not independently predict exercise capacity im-
provement. These data, coupled with the normal mean
baseline respiratory function, suggest that although respira-
tory dysfunction contributes to HH-associated dyspnea,
extrinsic cardiac compression may play a more important
role in the pathogenesis.
LA compression may cause dyspnea by increasing the
pulmonary venous pressure, producing interstitial edema
and reduced pulmonary compliance. Previous case reports
describing cardiac failure and dyspnea attributable to LA
compression by HH support this hypothesis (16,34). Echo-
cardiographic demonstration of pulmonary vein compres-
sion by various pathologies has been described in previous
case reports, but not in patients with large HHs (35,36).
hese reports demonstrated increased systolic and diastolic
omponents of the pulse-wave Doppler signal at the pul-
onary vein ostium. Our findings of increased velocities at
he LA inflow, which resolve significantly after surgery, may
epresent a similar pathophysiologic process related to
ompression by the HH.
Extrinsic cardiac compression also appears to have an
ffect on left ventricular filling because patients with severe
A compression had improved ventricular volumes after
H repair. Case reports of HH causing hemodynamic
nstability including hypotension requiring inotropic ther-
py or resulting in syncope are consistent with these findings
14,37–39). Impaired ventricular filling due to LA compres-
ion may also contribute to exercise intolerance by prevent-
ng the necessary increase in cardiac output that normally
ccurs with exercise.
Compression of the CS was present in 87% of patients.
he anatomic course of the CS in the posterior atrioven-
ricular groove makes it particularly susceptible to compres-
ion. However, CS compression was not a useful predictor
f improved exercise capacity after surgery. This may be due
o the observation that with a binary qualitative method for
etermining CS compression, most patients demonstrate
his abnormality, making it a nondiscriminatory variable in
his population. CS compression leading to diastolic dys-
unction and dyspnea has been described in a patient with
ymphoma, but not in patients with a HH (40). Previous
nimal studies have confirmed a relationship among CS
ompression and impaired myocardial blood flow, increased
entricular blood volume, decreased ventricular distensibil-
ty, and diastolic dysfunction (41–43). These may represent
urther mechanisms of impaired exercise capacity due to
ardiac compression by HH.
tudy limitations. Although the present study is the first
o evaluate the relationship between cardiac compression
nd exercise impairment in patients with a large HH, there
re several limitations. First, the cohort only included
atients with large and symptomatic HHs in whom surgery
as already considered appropriate management. Second,
e cannot exclude the possibility of a placebo effect ofurgery in relation to symptoms and exercise capacity;however, this is unlikely to explain the magnitude of
observed improvement in exercise capacity. Studies evaluat-
ing intensive exercise training have demonstrated a signifi-
cantly smaller degree of improved exercise capacity than that
seen after HH repair in our patients (44). Third, the absence
of an oral load before respiratory investigation may have led
to underestimation of the respiratory effect of HH; however,
this was consistent for pre-operative and post-operative
evaluations. Finally, some of the measures of cardiac com-
pression were subjective; however, there was a good level of
interobserver agreement in the evaluation of these parame-
ters, and almost all qualitative evaluations were indepen-
dently corroborated by quantification.
Conclusions
Patients with large HHs have significant dyspnea and
exercise impairment despite normal baseline respiratory
function. We show, for the first time, that significant
cardiac abnormalities including compression of the left
atrium, IPVs, and CS are commonly seen in these patients.
The recovery of exercise capacity with HH repair is inde-
pendently predicted by recovery of the LA diameter, sug-
gesting a significant causal role for cardiac compression in
the pathogenesis of HH-associated dyspnea. Assessment of
LA compression severity pre-operatively may be a useful
noninvasive clinical tool for identifying those patients who
will benefit most from HH repair.
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